Breast cancer (BC) is one of the most common cancers with high rate of mortality, worldwide.[@b1] The International Agency for Research on Cancer (IARC) estimated that over 2 million new breast cancer cases were diagnosed, and the number of deaths rose above 5 million in 2014.[@b2],[@b3] Despite the tremendous progress in diagnosis and treatment methodology, BC remains the world's most deadly cancer.[@b4] It has been reported that approximately 20--30% of BC EGF receptor (EGFR) 2 (HER2) positive. Therefore, a monoclonal antibody or small-molecule that can target both EGFR and HER (which plays a crucial role in cancer survival) would be interesting.[@b5]--[@b7] In this perspective, lapatinib (LPT) is a dual tyrosine kinase inhibitor of EGFR and HER that can potentially induce tumor cell apoptosis and arrest the growth of cancer progression. LPT has been approved for the treatment of advanced metastatic breast cancer with HER2 positive.[@b8],[@b9] However, poor aqueous solubility of LPT (7 μg/mL) restricts its wider clinical application. Furthermore, LPT has been approved in tablet form; however, due to its poor oral bioavailability, a large daily dose (1250 mg/day) has to be taken, resulting in side-effects such as diarrhea and rash.[@b10],[@b11] Therefore, an effective delivery system has to be designed to develop an injectable dosage form for systemic application.

The nanoparticle-mediated drug delivery system has been demonstrated to enhance the chemotherapeutic effect of anticancer drugs while reducing its systemic side-effects.[@b12] Appropriately designed nanomedicines with tunable size parameters have been shown to accumulate preferentially in the solid tumors via enhanced permeation and retention effect.[@b13],[@b14] In this context, polymeric nanoparticles offer multiple systemic benefits including high drug loading, controlled release profile, improved stability in blood compartments, and high cellular uptake.[@b15] However, biocompatibility of synthetic polymers remains a big concern for successful systemic therapy. Furthermore, long circulation ability or circulation half-life of polymeric systemic is another big concern.[@b16] In this case, liposome offers favorable properties such as superior biocompatibility, proven long circulation profile in blood compartment, and ease of surface modification.[@b17] Therefore, it would be fascinating to combine the benefits of liposome and polymeric nanoparticles towards a goal of developing advanced hybrid therapeutic system.[@b18] The lipid-polymeric system (LPS) was developed by coating the polymeric nanoparticle with lipid layers. By this way, structural integrity of polymeric NPs will be protected by biocompatible lipid layers.[@b19] The LPS consist of distinct three compartments: (i) inner hydrophobic core, which will act as a drug reservoir; (ii) interfacial lipid layer that acts as a highly biocompatible layer; and (iii) outer hydrophilic polymer shell consisting of polyethylene glycol (PEG) to enhance the blood circulation profile. The LPS was expected to possess high structural integrity, high biocompatibility, and favorable pharmacokinetic profile that would improve the anticancer efficacy.[@b20]

In the present study, poly(lactide-co-glycolide)-[d]{.smallcaps}-a-tocopheryl polyethylene glycol 1000 succinate (PLGA--TPGS) copolymer was selected to form the polymeric NP (Fig.[1](#fig01){ref-type="fig"}). Whereas, PLGA is a biodegradable and biocompatible polymer and D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) is a water-soluble derivative of natural vitamin E.[@b21] PLGA was conjugated to TPGS in order to improve the mechanical strength of the overall copolymer and to improve the drug permeability in cancer cells. TPGS could enhance the absorption of the drug by inhibiting the P-glycoprotein mediated multidrug resistance in cancer cells. There are several reports of inhibitory effect of TPGS in cancer cells in *in vitro* and *in vivo* conditions.[@b22]

![Schematic presentation of preparation of polymer-lipid hybrid nanoparticles. Lapatinib was loaded in the hydrophobic core of the polymeric nanoparticle which was then coated by a mono-lipid layer.](cas0106-1429-f1){#fig01}

Thus far, the main aim of present investigation was to improve the therapeutic efficacy of lapatinib (LPT) in breast cancers. Towards this purpose, polymer-lipid containing LPT (PLPT) was designed and various parameters including size, shape, release kinetics, cytotoxicity assay, apoptosis analysis, and pharmacokinetics were studied. The antitumor efficacy of PLPT was studied in MCF-7 cancer cell bearing xenograft tumor model.

Materials and Methods
=====================

Materials
---------

Lapatinib ditosylate was purchased from Rongda (Hangzhou, China). *D*,*L*-lactide (3,6-dimethyl-1,4-dioxane-2,5-dione), *D*-α-tocopheryl polyethylene glycol 1000 succinate (TPGS, C33O5H54 (CH2CH2O)23), PLGA (50:50, MW 50 000), glycolide (1,4-Dioxane-2,5-dione, C4H4O4), stannous octoate (Sn(OOCC7H15)2) were purchased from Sigma--Aldrich, China. 1,2-distearoyl-sn-glycero-3-phosphoethanola-mine-*N*-\[methoxy (polyethylene glycol)-2000\] (DSPE-PEG2000), was purchased from Avanti Polar Lipids (Alabaster, AL, USA).

Method
------

### Preparation of PLGA-TPGS copolymer

PLGA-TPGS copolymer was synthesized from the monopolymer of glycolide, lactide, and TPGS in the presence of stannous chloride octoate (catalyst). The copolymer was synthesized using the ring opening polymerization technique. Briefly, TPGS, lactide, and glycolide were weighed and dissolved in a flask along with 0.5% stannous chloride (in toluene). The mixture was heated at 145°C for 12 h in an oxygen and moisture free environment. The formed product was dissolved in DCM and precipitated by the addition of ice cold ether. The unreacted monomers were removed by continuous washing and the final product (PLGA-TPGS) was vacuum dried.

### Preparation of Lapatinib --loaded hybrid nanoparticles (PLPT)

Lapatinib and PLGA-TPGS were dissolved in 10 mL of DCM, which was then poured into 40 mL of 0.1% poloxamer solution under constant stirring. The mixture was then sonicated for 120 s to form O/W emulsion. The emulsion was then evaporated under reduced pressure overnight to remove all the organic solvent. The PLGA-TPGS NP was collected after centrifugation. For preparing PLPT, DSPE-PEG was dissolved in chloroform and then transferred to a round bottom flask. The flask was then connected with a rotary evaporator (Eyela N-1001; Tokyo, Japan) and the temperature was maintained at 35°C under the aspirate vacuum. After 1 h, aqueous PLGA-TPGS nanodispersions were added to the thin lipid film and then the mixture was sonicated using a microtip probe sonicator (VCX-130-PB; Sonics & Material, Newtown, CT, USA) at 35 kW power output for 10 min. The resulting PLPT was collected by centrifugation at 5000 × *g* for 10 min.

The entrapment efficiency of LPT was determined by the HPLC method. The drug entrapment efficiency was estimated from the amount of unloaded drug in the supernatant obtained after high speed centrifugation. Agilent 1120 Compact LC-HPLC system (Agilent Technologies, German) consisted of ODS C-18 RP column (4.6 × 250 mm), 20 μL Hamilton injecting syringe was used. The mobile phase consists of acetonitrile and water in the ratio of 50:50 (v/v) and pumped at a rate of 1 mL/min. Calibration graphs plotted were linear with a correlation coefficient of 0.999. Drug loading efficiency (DLE) and drug loading capacity (DLC) was calculated using following formula:

### Dynamic light scattering analysis

The particle size and size distribution of nanoparticles were determined by dynamic light scattering technique (DLS). The particle size was measured by photon correlation spectroscopy using Zetasizer, Nano ZS (Malvern Instruments, UK (alvern Instruments, Malvern, UK)). The nanoparticle dispersions were appropriately diluted and each sample was measured in triplicate.

### Transmission electron microscopy

The surface morphology of drug-loaded nanoparticles were studied using FEI 192 CM20 transmission electron microscopy (TEM). Briefly, 10 μL of nanoparticle dispersion was placed on the carbon-coated copper grids. The dispersion was allowed to stay for few minutes and then excess of liquid was wiped out using a filter paper. The grid was then stained with 0.75% uranyl acetate solution and finally TEM grid was dried under infrared radiation for 5 min.

### Drug release study

The release of LPT from the nanoparticle was studied using dialysis method. Briefly, LPT-loaded nanoparticles (containing 1 mg of LPT) was dispersed in 1 mL of distilled water and placed in dialysis tubing (14 000 molecular weight cut off). The dialysis tubing was placed in a Falcon tube with 35 mL of release media (acetate buffered saline and phosphate buffered saline) and kept in a rotary shaker (100 rpm/min) at 37°C. At regular time intervals, 1 mL of release media was withdrawn and replaced with equal amount of fresh medium. The amount of drug released in the release media was determined by HPLC method as mentioned above. Drug release data were expressed as the percentage of the cumulative amount of drug release.

### *In vitro* cellular uptake

The cellular uptake of nanoparticle was studied using fluorescence microscope. For this purpose, a fluorescent material, rhodamine-B was loaded in the nanoparticle. MCF-7 cells were cultured in a 96-well plate and incubated overnight. The cells were exposed with the nanoparticles (rhodamine B) and incubated for different periods of time. After incubation, cells were washed and cell membranes were lysed with cell lysis solution (50 mL 0.5% \[v/v\] Triton X-100 in 0.2 N NaOH). The cell lysates were then transferred to a 96-well plate and the fluorescence intensity was studied using microplate reader (Victor3; PerkinElmer, Santa Clara, CA, USA).

### *In vitro* cytotoxicity assay

The MCF-7 breast cancer cells were used to study the cytotoxic potential of free LPT and PLPT formulation. DMEM medium containing 10% FBS and 1% penicillin-streptomycin was used as the cell culture medium. Cells were cultivated in a humidified environment at 37°C with 5% CO~2~. The cytotoxicity of different formulations was determined by MTT assay protocol. For this purpose, 10 000 cells were plated in a 96-well plate and incubated overnight. The next day, old media was replaced with a fresh media containing free LPT and PLPT and incubated for 24 and 48 h, respectively. Following which, the above media was replaced with 90 mL of fresh serum free media and 10 mL of MTT reagent (5 mg/mL) and plates were incubated at 37°C for 3 h. After which, 100 μL of DMSO was added to extract formazan crystals and incubated at 37°C for 15 min. The absorbance at 570 nm was measured on a microplate reader (Victor3, PerkinElmer).

### Cell apoptosis assay

The cell apoptosis assay was analyzed using Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488 & PI (Molecular Probes, Life Technologies, USA, Omaha, NE)). Cells were seeded in 12-well plate at a seeding density of 1 × 10^5^ cells/well and allowed to settle for overnight. The cells were treated with respective formulations (at an equivalent concentration of 1 μg/mL) and further incubated for 18 h. The treated cells were washed, collected, and redispersed in a binding buffer. The cells were then treated with Annexin V and PI (1 μg/mL) for 15 min at room temperature. The nature of apoptosis was determined using flow cytometer (BD FACS). Apoptosis and necrosis were analyzed with quadrant statistics on propidium iodide-negative cells, fluorescein positive cells and propidium iodide (PI)-positive cells, respectively.

### Pharmacokinetic analysis

The animal experiments were performed in accordance with the protocol framed by the 'Institutional Animal Ethical Committee', Shandong Cancer Hospital and Institute, China. The mice (∼20 g) were divided into two groups and each group received either free LPT or PLPT at a dose equivalent of 10 mg/kg. The blood samples were collected at specific time intervals and the plasma was immediately separated, and stored in a deep freezer. An HPLC method as mentioned above was used to quantify the amount of drug present in the plasma at each time point. 500 mL acetonitrile : methanol (50:50) was used as precipitating and extraction solvent. Plasma and tissue pharmacokinetic parameters were calculated from free version of [Kinetica -- Adept]{.smallcaps} Scientific Software.

### *In vivo* antitumor efficacy study

The experimental protocols were approved by 'Animal Care and Use Committee', Shandong Cancer Hospital and Institute, China. Mice were kept in a light-controlled room at 22°C and 55% relative humidity. The MCF-7 cell based tumor xenograft model was prepared with female BALB/c nude mice. Approximately, 5 × 10^6^ cells (in 100 μL of culture medium) were injected subcutaneously to the right flank of mice. The tumors were allowed to grow approximately 100 mm^3^, after which experiments were started. The mice were randomly divided into four groups with eight mice in each group. The formulations were injected at a fixed dose of 5 mg/mL (on days 0, 3, 6, 9) via tail vein. The length and width of tumor was measured using vernier caliper and the tumor volume was calculated using the formula; V = *d*^2^ × *D*/2, where d and *D* are the shortest and longest diameter of tumor. Mice were killed by decapitation after completing the experiments. The tumors were removed and fixed in 10% formalin and apoptosis was determined using TUNEL assay.

### Statistical analysis

Student's *t*-test or one way [anova]{.smallcaps} statistical analysis was carried out with [spss]{.smallcaps} 17.0 software (SPSS Inc, Chicago, USA). All experiments were performed at least three times unless otherwise mentioned. *P *\< 0.05 was considered significant for each experiments.

Results
=======

Preparation and characterization of LPT-loaded nanoparticles
------------------------------------------------------------

The average particle size of PLPT was approximately 160 ± 3.2 nm with a narrow particle size distribution (PDI∼0.158) (Fig.[2a](#fig02){ref-type="fig"}). Earlier, PLGA-TPGS NP was prepared with a mean size of around 92 ± 2.56 nm. It has been reported that particle sizes below 200 nm are suitable for cancer cellular uptake. Furthermore, nanoparticles with size between 100--200 nm are reported to accumulate preferentially in the cancerous tissues via enhanced permeation and retention (EPR) effect.[@b23] The average zeta potential of PLGA-TPGS NP was --14 ± 1.89 mV and after lipid coating, the zeta potential increased to --26 ± 2.64 mV indicating a successful encapsulation of polymeric NP in the lipid capsule. PLPT showed a high entrapment efficiency of \>80% with an average loading capacity of approximately 15%. These findings indicate the successful formulation of PLPT for cancer drug delivery.

![Physicochemical characterization of lapatinib-loaded nanoparticles (a) particle size distribution (b) transmission electron microscope images of polymer-lipid containing lapatinib (PLPT).](cas0106-1429-f2){#fig02}

The morphology of nanoparticle was studied using transmission electron microscopy (TEM) (Fig.[2b](#fig02){ref-type="fig"}). As seen, the nanoparticles were spherical shaped and uniformly distributed in the TEM grid. A darker core represents the polymeric nanoparticle with an apparent lipid monolayer on the surface. We expected that during the thin-film hydration process polymeric core was enveloped by DSPE-PEG layer. Moreover, particle size measure from TEM was consistent with the size measured from DLS analysis.

Drug release study
------------------

Drug release study was performed in phosphate buffered saline, acetate buffered saline, and plasma by dialysis method (Fig.[3](#fig03){ref-type="fig"}). Generally, drug release study is used to predict the trend in the *in vivo* conditions. In present study, PLPT showed a controlled release profile in the entire release medium. The drug was continuously releasing up to 120 h indicating its ability to sustain the drug release in the media without any apparent sign of initial burst release. This further indicates that all of the drugs were encapsulated in the hydrophobic core of the nanoparticles and nothing remains on the surface. It can be seen that there was a higher amount of drug released in the acidic pH medium compared to that of pH 7.4 containing media. The slow release in pH 7.4 and enhanced release in pH 5.0--5.5 is beneficial for the cancer cell targeting and higher tumor cell inhibition. The drug release rate further decreased in plasma conditions. Approximately 40% of LPT was released in pH 5.5 media while approximately 30% of drug was released in pH 7.4 media at the end of 24 h. In contrast, only approximately 18% of drug was released in the plasma. The trend continued until the end of the release study. Overall, sustained release of LPT provides the possibility of continuous exposure to cancer cells and enhanced cell kill. Generally, sustained release is regarded as a key factor in the development of injectable formulations.[@b24] A sustained release formulation could effectively reduce the dose and dose frequency and thereby improve the therapeutic efficacy in cancer treatment.

![pH dependent release of lapatinib (LPT) from polymer-lipid containing LPT (PLPT) formulations. The study was carried out in phosphate-buffered saline (pH 7.4), acetate buffered saline (pH 5.5), and plasma at 37°C. \**P \< *0.05 is the statistical difference between release at ABS and PBS.](cas0106-1429-f3){#fig03}

*In vitro* cellular uptake
--------------------------

The cellular uptake efficiency was studied in order to examine the potential of nanoparticles to deliver the anticancer agents to the cells. For this purpose, lapatinib was replaced with rhodamine-B in the LPS carrier. As shown in Figure[4(a)](#fig04){ref-type="fig"} PLPT showed a typical time-dependent cellular uptake in MCF-7 cancer cells. Especially, remarkable cellular uptake was observed after 2, 4, and 6 h of incubation. A high cellular uptake of nanoparticle is an indication of high cell cytotoxicity. Although, *in vivo* conditions and physiological process are very different from the *in vitro* conditions, nevertheless, it gives preliminary evidence of advantages of nanoparticulate formulations. In particular, it has been reported that the therapeutic efficacy of drug-loaded nanoparticle greatly depends on the internalization and release of small molecules in the cancer tissues. From this perspective, the present system holds great potential to enhance the anticancer efficacy of the drug.

![(a) *In vitro* cellular uptake efficiency of polymer-lipid containing lapatinib (PLPT) in MCF-7 breast cancer cell in a time dependent manner, (b) *in vitro* cytotoxicity profile of blank nanoparticles, *in vitro* cytotoxicity profile of free LPT and PLPT after 24 h (c) and 48 h (d) incubation. The *in vitro* cytotoxicity assay was performed by MTT assay. \**P \< *0.05 is the statistical difference between release at LPT and PLPT.](cas0106-1429-f4){#fig04}

*In vitro* cytotoxicity assay
-----------------------------

*In vitro* cytotoxicity assay gives crucial information regarding the therapeutic potential of anticancer drug with a delivery vector/system. First, biocompatibility of blank nanoparticles was examined in MCF-7 cancer cells (Fig.[4b](#fig04){ref-type="fig"}). It can be seen that blank nanocarriers did not induce any cytotoxic effect in the cancer cells. The cell viability remained more than 90% even at the highest concentration tested (200 μg/mL) indicating it's excellent biocompatibility. Next, the cytotoxic effect of free LPT and PLPT was tested in MCF-7 cancer cells. As shown in Figure[4(c,d)](#fig04){ref-type="fig"}, both the formulations showed a typical time- and concentration dependent cytotoxicity in cancer cells. At an equivalent drug concentration, PLPT exhibited a remarkably higher cancer cell killing potency.

Cell apoptosis analysis
-----------------------

Flow cytometer analysis was carried out to examine the cell apoptosis potential of individual formulations. Apoptosis and necrosis were analyzed with quadrant statistics on propidium iodide-negative cells, fluorescein positive cells and propidium iodide (PI)-positive cells, respectively (Fig.[5](#fig05){ref-type="fig"}). The apoptosis analysis could be divided into two phases: first, higher cell fraction was observed in early apoptosis quadrant (∼75%) after treatment with PLPT, whereas only approximately 40% of cells were observed in early apoptosis quadrant after free LPT treatment at 24 h. Second, approximately 40% of cells were in late apoptosis quadrant after PLPT treatment compared to only approximately 25% for free drug treatment.

![Cell apoptosis analysis of free lapatinib (LPT) and polymer-lipid containing LPT (PLPT) after 24 h and 48 h incubation in MCF-7 cancer cells. The cells were exposed to respective formulations (5 μg/mL) and the apoptosis was evaluated by flow cytometry. Q1-LL represents normal cells, Q1-LR represents early apoptosis, Q2-UR represents late apoptosis, and Q2-LR represents necrotic cells. \**P \< *0.05 is the statistical difference between release at ABS and PBS. \*\**P \< *0.01 is the statistical difference between release at PLPT and LPT.](cas0106-1429-f5){#fig05}

Pharmacokinetic and biodistribution analysis
--------------------------------------------

Pharmacokinetic study was conducted to examine the fate of free as well as drug-loaded nanoparticles. As shown in Fig.[6](#fig06){ref-type="fig"}, free LPT was immediately cleared from the blood circulation within 6--8 h. On the other hand, PLPT significantly enhanced the blood circulation potential of LPT up to 24 h. The data clearly suggest that PLPT had a longer circulation half-life than free LPT, which was rapidly cleared from the central compartment. Consistent with the long blood circulation profile of PLPT, it showed enhanced tumor accumulation compared to that of free LPT at the end of 24 h. The drug accumulation in tumor from PLPT was fivefold higher than that of free LPT. The lowest accumulation in heart indicates its lack of cardiotoxicity. Moreover, high LPT concentration in spleen and liver indicates that these organs are the main metabolic site. The pharmacokinetic and biodistribution analysis showed that PLPT could specifically deliver the drug into tumor.

![Plasma drug concentration-time profile of free lapatinib (LPT) and polymer-lipid containing LPT (PLPT) formulations. LPT was administered at a fixed dose of 10 mg/kg via tail vein injection and the study was performed up to 24 h. Data shown as mean ± SD. \*\**P \< *0.01 is the statistical difference between release at PLPT and LPT. *n = *6.](cas0106-1429-f6){#fig06}

Antitumor efficacy study
------------------------

Inspired by the excellent *in vitro* antitumor efficacy and systemic performance of PLPT, we have further evaluated the antitumor efficacy of different formulations in MCF-7 cancer cell bearing xenograft tumor model. As seen (Fig.[7a](#fig07){ref-type="fig"}), untreated mice group as well as mice treated with blank nanoparticles did not have any effect on the tumor growth (tumor volume) and continuously proliferated during the entire study period. In contrast, groups treated with free LPT and PLPT significantly delayed and inhibited the tumor growth. At the end of 21 days, tumor volumes of mice treated with free LPT stood at approximately 1500 mm^3^, while tumor volumes of untreated mice group were approximately 2500 mm^3^. Importantly, PLPT showed a low tumor volume of approximately 700 mm^3^ at the end of 21 days. Consequently, body weight was noted to examine the safety profile of individual formulations (Fig.[7b](#fig07){ref-type="fig"}). As seen, the body weights of all the mice groups gradually increased indicating that none of the formulations were toxic to the animals. The excellent tumor inhibitory effect along with no systemic side-effects could be advantageous to cancer targeting.

![Tumor growth curve of the xenograft nude mice bearing MCF-7 cell after intravenous administration of formulations (control (black), blank NP (red), free lapatinib (LPT) (green), and polymer-lipid containing LPT (PLPT) (blue). (a) Tumor volume and (b) body weight of mice. \*\*\**P \< *0.001 is the statistical difference between release at PLPT and control.](cas0106-1429-f7){#fig07}

The superior antitumor efficacy of nanoformulations was further proved by TUNEL assay (Fig.[8](#fig08){ref-type="fig"}). For this purpose, tumors were surgically removed from the mice and fixed in 10% formalin solution. Compared to control, free LPT and PLPT showed remarkable signs of apoptosis. Especially, PLPT induced a widespread apoptosis in the tumor tissues than any group.

![Tumor apoptosis detection by TUNEL assay. The tumor was extracted from the killed mice and fixed in 10% formalin solution. The tumor slice was subjected to TUNEL assay. \*\**P \< *0.001 is the statistical difference between release at lapatinib (LPT) and polymer-lipid containing LPT (PLPT).](cas0106-1429-f8){#fig08}

Discussions
===========

The LPT-loaded polymer-lipid delivery system (PLPT) was designed to increase the tumor targeting ability and chemotherapeutic efficacy of LPT. Moreover, LPT suffers from poor aqueous solubility (7 μg/mL), which restricts its wider clinical application. At present, LPT has been approved in tablet dosage form; however, due to its poor oral bioavailability, a large daily dose needs to be taken. Therefore, the present study was devoted to the development of a new delivery system for systemic applications. Although, PLGA-TPGS is an effective carrier with high loading capacity, its systemic performance in the blood compartment remains a concern. In the present study, therefore, PLGA-TPGS nanoparticle was enveloped by a PEGylated lipid (DSPE-PEG) to increase the structural integrity of polymeric system. The LPS consists of distinct three compartments: (i) inner hydrophobic core, which will act as a drug reservoir; (ii) interfacial lipid layer that acts as a highly biocompatible layer; and (iii) outer hydrophilic polymer shell consist of polyethylene glycol (PEG) to enhance the blood circulation profile.[@b17],[@b18] The LPS was expected to possess high structural integrity, high biocompatibility, and a favorable pharmacokinetic profile that would improve the anticancer efficacy.

The drug-loaded formulations showed a typical time- and concentration dependent cytotoxicity in cancer cells. At an equivalent drug concentration, PLPT exhibited a remarkably higher cancer cell killing potency. The superior cytotoxic effect of nanoformulations could be due to the fact that free drug could easily cross the cell membrane and expelled quickly, whereas, nanoparticles were internalized via a specific endocytosis-mediated cellular uptake. Furthermore, it is highly unlikely that in the *in vivo* conditions such a high concentration of drug would be present in the cancer tissues for a long time. The IC50 value of free LPT and PLPT was 4.23 and 8.46 μg/mL, respectively, at the end of 24 h. Similarly, IC50 value of free LPT and PLPT was 0.92 and 4.16 μg/mL respectively at the end of 48 h. The results clearly indicate that LPT incorporation in the LPS system greatly enhanced the antitumor efficacy.

Consistently, the formulation group showed a superior apoptosis effect compared with that of free drug. The significantly higher apoptosis effect of PLPT was attributed to the higher cellular uptake and sustained release behavior of LPS formulations. The sustained release of LPT in the cytoplasmic region could have resulted in higher cells in the early apoptosis fraction (24 h) which was then followed by late apoptosis after 48 h. It has been reported that LPT markedly reduces tyrosine phosphorylation of EGFR receptors and prevents the receptor-mediated downstream signal transduction and consequently result in cell apoptosis.[@b25]

The pharmacokinetic data clearly suggest that PLPT had a longer circulation half-life than free LPT, which was rapidly cleared from the central compartment. The superior systemic performance of PLPT was attributed to the presence of hydrophilic PEG shell on the surface of nanoparticles that conferred the longer blood circulation time and reduced the uptake by reticuloendothelial system (RES). Overall, pharmacokinetic study revealed that PLPT could avail the EPR effect wherein the nanoparticles can preferentially accumulate in the tumor tissues.

Antitumor efficacy study showed that PLPT exhibited a low tumor volume of approximately 700 mm^3^ at the end of 21 days. The tumor growth followed the order: control\>blank NP\>free LPT\>PLPT. The enhanced tumor inhibitory effect of PLPT was attributed to the prolonged blood circulation potential and sustained drug release phenomenon after particle accumulation via EPR effect.[@b26] The nanoparticle system displayed higher *in vivo* anti-tumor efficacy against MCF-7 tumors compared to that of free drug.

In conclusion, we have successfully developed the lapatinib-loaded polymer-lipid hybrid nanosystem and showed its therapeutic potential in *in vitro* and *in vivo* models of breast cancer. We have demonstrated a convenient approach to preparing hybrid nanoparticles. The nanoformulations consisted of a polymeric core that was enveloped by a PEGylated lipid layer to maintain the structural integrity. The PLPT formulation controlled the drug release in pH 7.4 conditions while it accelerated the release at pH 5.5 conditions. The PLPT showed a remarkable cellular internalization and efficiently killed the MCF-7 cancer cells in a time- and concentration-dependent manner. Moreover, LPT-loaded nanoparticles effectively induced apoptosis of cancer cells compared to free LPT. Pharmacokinetic data suggested that nanoparticles could significantly enhance the blood circulation time of LPT by reducing the uptake by reticuloendothelial system (RES). The prolonged blood circulation of PLPT could allow the preferential accumulation of drug in the tumor tissues. Importantly, PLPT significantly reduced the tumor burden of cancerous mice and effectively controlled the tumor cell proliferation. TUNEL assay further showed a greater apoptosis of tumor tissues in the PLPT treated mice group. Our results suggest that the use of a hybrid system may allow a decrease in the dosage regimen without the loss of therapeutic effect. Overall, lapatinib-loaded hybrid nanoparticles hold great potential for achieving an optimal therapeutic effect in breast cancer treatment. The present anticancer drug delivery system could be potentially applied for the treatment of other cancers.
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